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Abstract 
The LIGO-Virgo collaboration’s ground-breaking detection of the binary neutron-star merger event, 
GW170817, has intensified efforts towards the understanding of the equation of state (EoS) of nuclear 
matter. In this letter, we compare directly the density-pressure constraint on the EoS obtained from a 
recent analysis of the neutron-star merger event to density-pressure constraints obtained from nuclear 
physics experiments. To relate constraints from nuclear physics to the radii and the tidal 
deformabilities of neutron stars, we use a large collection of Skyrme density functionals that describe 
properties of nuclei to calculate properties of 1.4M⊙ neutron stars. We find that restricting this set of 
Skyrme equations of state to density functionals that describe nuclear masses, isobaric analog states, 
and low energy nuclear reactions does not sufficiently restrict the predicted neutron-star radii and the 
tidal deformabilities. Including pressure constraints on the EoS around twice saturation density 
(2×2.74×1014g/cm3), obtained from high energy nucleus-nucleus collisions, does constrain predicted 
radii and tidal deformabilities to be consistent with the results obtained from the analysis of 
GW170817. We discuss how new measurements of nucleus-nucleus collisions can improve these 
constraints on the EoS to be more restrictive than the current constraints from the GW170817 merger 
event.  
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The equation of state (EoS) of nuclear matter relates temperature, pressure and density of a 
nuclear system. It governs not only properties of nuclei and neutron stars but also the dynamics of 
nucleus-nucleus collisions and that of neutron-star mergers. The amount of ejected matter from the 
merger, which subsequently undergoes nucleosynthesis to form heavy elements up to Uranium and 
beyond [1-3] depends on the EoS. So does the fate of the neutron-star merger including; whether the 
colliding neutron stars collapse promptly into a black hole, remain a single neutron star, or form a 
transient neutron star that collapses later into a black hole [4]. The recent observation of a neutron-star 
merger event, GW170817, provides insight into the properties of nuclear matter and its equation of 
state (EoS) [5-8].  In this letter we examine the consistency of the EoS constraints obtained from 
laboratory experiments and GW170817 as shown in Fig. 1. We also assess the prospects for more 
stringent comparison between astrophysical and laboratory measurements. 
 During the inspiral phase of a neutron-star merger, the gravitational field of each neutron star 
induces a tidal deformation in the other [9]. The influence of the EoS of neutron stars on the 
gravitational wave signal during inspiral is contained in the dimensionless quantity tidal deformability 
also known as tidal polarizability,  =
2
3
𝑘2 (
𝑐2𝑅
𝐺𝑀
)
5
, where G is the gravitational constant and k2, is the 
dimensionless Love number [5, 9], R and M are the mass and radius of a neutron star. k2, is sensitive to 
the compactness parameter (M/R) where M is the mass of the neutron star. As the knowledge of the 
mass-radius relation uniquely determines the neutron-star matter EoS [10-13], both 𝑘2 and R depend 
on the EoS. 
In the original GW170817 analysis of late-stage inspiral [5], an upper limit of < 800 is 
obtained for a 1.4M⊙ neutron star under low spin scenario. The mass-weighted have the same values. 
In a recent analysis, the mass-weighted  values are updated to 300−230
+420 [7]. By further assuming both 
neutron stars have the same EoS, more restrictive values of 190−120
+390 and R values of 11.9−1.4
+1.4 km 
were obtained [8]. The latter analysis also extracted the pressure as a function of density, plotted as the 
blue hatched area in Figure 1. 
  
Fig. 1: Experimental and astrophysical constraints on equation of state in pressure vs. density. The 
hatched region represents the GW constraint [8], after converting the unit for pressure to MeV/fm3 and 
the density to units of saturation density, ρ0=2.74×1014 g/cm3, to allow direct comparisons to nuclear 
physics constraints. Solid and dashed contours display constraints from flow measurements [37] and 
kaon measurements [38, 39], respectively. The upper (labelled as stiff) and lower (labelled as soft) 
constraints correspond to the addition of symmetry pressure from Eqs. (2) and (3), respectively, to the 
symmetric matter pressure. The black curves below 0.7ρ0 represent Skyrme functionals satisfying the 
density dependent symmetry energy data from 0.25< ρ/ρ0 < 0.7 in [29].
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The nuclear EoS of cold homogenous matter can be specified in terms of the energy per 
nucleon of the hadronic system. Within the parabolic approximation, the EoS of cold nuclear matter 
can be divided into a symmetric matter contribution that is independent of the neutron-proton 
asymmetry and a symmetry energy term, proportional to the square of the asymmetry [14], 
S     
where the asymmetry is defined as npHere, n,  p and  =n+p are the neutron, proton 
and nucleon densities, and S() is the density dependent symmetry energy. E(,can be modeled in 
terms of a Skyrme Hartree-Fock density functional that describes nuclear properties [15,16].  
To connect nuclear physics observables to 1.4M⊙ neutron-star observables, we start with a 
large collection of Skyrme nuclear density functionals. We extrapolate the functionals to densities and 
asymmetries comparable to that for a neutron star as described below. We adopt the method described 
in Ref. [17] to calculate properties of a 1.4M⊙ neutron star.  
Different forms of the EoS are used in four density regions defined as the outer crust, inner 
curst, outer core and inner core: 1) For the outer crust, consisting of a Coulomb lattice of neutron-rich 
nuclei embedded in a degenerate electron gas, we use the well-known EoS of Ref.  [18] up to the 
density where neutron drip occurs. 2) In the inner crust, which consists a neutron gas in coexistence 
with nuclei or even nuclear pasta [19-23], we employ the EoS from [24], and connect to the outer core 
through a polytropic EoS of the form 𝑃 = 𝐴 + 𝐾 (
𝐸
𝑉
)
4
3
 [25, 26]. The parameters A and K are varied to 
match the crustal EoS to that of a liquid core at the crust-core transition density, ρTD, predicted by our 
choices for the Skyrme interactions. 3) In the region of ρTD < ρ < 3ρ0, which corresponds to the outer 
core, we use various nuclear Skyrme density functionals, modified to take beta equilibrium between 
nuclear, electronic and muonic matter into account.  4.) For high density regions of ρ > 3ρ0, a 
polytropic EoS of the form K’ρ is used to extend the EoS to the central density region of a neutron 
star. The constants K’ and  are fixed by the conditions that the pressure at thrice the normal nuclear 
density, P(3ρ0) matches the pressure from the Skyrme density functionals and that the polytrope 
pressure at 7ρ0 is such that the EoS can support a 2.0M⊙ neutron star. For the low mass neutron stars 
that are considered here, the density region above 3ρ0 does not affect the relevant properties of the 
neutron stars significantly. 
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Following this procedure, we arrived at 163 Skyrme interactions from our collection of 216 
interactions [15] that can support a 2.0M⊙ neutron star. Each interaction, represented by an open circle 
in Fig. 2, makes a unique prediction for the neutron-star radius and tidal deformability. For reference, 
the red curve is a fitted relationship of R and from a “generic” neutron-star EoS [27]. The common 
trend exhibited by the red curve and the open circles reflects the fact that R and are correlated as 
described by Eq. (2) and that both are largely determined by the pressure at 2ρ0 [8, 28]. Our results are 
consistent with those from EoS based on relativistic mean-field interactions [10] represented by the 
open red squares using analogous methodology. Above > 600, our calculations produce larger radii 
and deviate from the red curve. This may be due to inclusion of the crustal EoS at very low density in 
our calculations. The range of the updated values of =70-720 obtained in [7] is represented by the 
larger light blue-hatched region. The blue rectangle indicates the more restricted region of =70-580 
and R = 10.5-13.3 km obtained in [8]. This tighter constraint is referred simply as “GW” constraints. 
 
 
Fig. 2: Correlation between neutron-star tidal deformability and radii from current calculations (open 
circles) and from Ref. [10] (open squares). The curve is from Ref. [27]. The hatched areas represent 
constraints from recent GW170817 analysis [7,8]. 
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In the past two decades, the nuclear EoS has been studied over a range of densities
 in nuclear structure and reaction experiments [29-41]. This density range is 
comparable to that found in neutron stars. However, in the latter context, the EoS must be extrapolated 
to environments where the density of neutrons greatly exceeds the density of protons. The 
extrapolation of the EoS to neutron–rich matter depends on S() in Eq. (1).  
At sub-saturation densities, ρ < ρ0, information on EoS is obtained in the context of bound 
nuclei and via nuclear collisions [29-36].  By evaluating the chi-squares per degree of freedom, , 
between experimental symmetry energy values at various densities extracted in Ref. [29], 69 Skyrme 
functionals that satisfy the low density data with < 2 are plotted as black curves in the lower left 
corner of Fig. 1. There is reasonable overlap between the GW constraint and the experimental 
constraints. Nuclear experiments, typically probe matter over a restricted range of densities. By 
varying energy and impact parameters of the heavy ion collisions (HIC), densities lower than that 
probed by the neutron-star merger observation, can be created in the laboratory. 
Next we examine the constraints from heavy ion collisions that exist in the supra-saturation 
density region. Measurements of collective flow and kaon production in energetic nucleus-nucleus 
collisions have constrained the EoS for symmetric matter,  at densities up to 4.5 times 
saturation density [37-41]. In Ref [37], the symmetric matter constraints in pressure vs. density were 
determined from the measurements of transverse and elliptical flow from Au+Au collisions over a 
range of incident energies from 0.3 to 1.2 GeV/u. In Refs. [38, 39], a similar constraint from 1.2ρ0 to 
2.2ρ0 was obtained from the kaon measurements.  
To estimate the additional pressure coming from the symmetry energy, we use the softest and 
stiffest symmetry energy functionals proposed in Ref. [42] for utilization in neutron-star calculations: 
S()stiff=12.7 MeV×(ρ/ρ0)2/3+38MeV×(ρ/ρ0)2/(1+ρ/ρ0)     (2) 
S()soft=12.7 MeV× (ρ/ρ0)2/3+19MeV× (ρ/ρ0)1/2                    (3) 
For convenience, we label the functionals in Eq. (2) and Eq. (3) as “stiff” and “soft”, 
respectively. Adding the pressure from each of these two symmetry energy functionals to the pressure 
from the symmetric matter constraint results in two contours (solid lines) shown in Fig. 1 [37]. These 
heavy ion constraints were found to agree with the Bayesian analyses of the neutron-star mass-radius 
correlation in [43]. They also agree reasonably well within the pressure-density constraints extracted in 
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[8] represented by the light blue hatched area in Fig. 1. At density > 3ρ0, the GW constraint seems to 
prefer symmetry energy stiffer than that of Eq. (2).  
Predictions for tidal deformability and radii using different nuclear models for the EoS are being 
actively pursued and the predicted  values vary from 50 to 1100 [10, 27, 44-49]. To illustrate the 
consequence of measurements from heavy ion collisions, we focus on the experimental and neutron-star 
merger observables at 0.67ρ0 and 2ρ0.  
For the low density region, we use the accurate symmetry energy (~25 MeV) that have been 
derived from the analysis of nuclei masses [30, 31] and isobaric analog states [15], each of which 
probes the  at . We calculate both the symmetry energy at such density and the neutron-
star properties of tidal deformability (left panels) and radius (right panels) in Fig. 3(a) and 3(b) (upper 
panels). For reference, we show, by red horizontal dashed lines, the symmetry constraints from double 
magic nuclear masses of Ref. [30], and, by the blue horizontal solid lines, the corresponding 
constraints obtained from a wider range of masses and isobaric analog states  [15, 31]. In accordance 
with our selection criterion, the black open points lie within these low-density nuclear constraints. As 
the correlation between symmetry energy and or R is very week, this selection criterion, alone, does 
not restrict the allowed values for , which scatters over the range from 20 to 1000.  Such lack of 
correlation between properties of nuclei and neutron-star properties at low density should be expected. 
The EoS at high density reflects dominant contributions from strongly repulsive three-body 
interactions and few-body correlation effects that are not adequately probed by masses, isobaric analog 
states and other observables at low density; therefore, they remain uncertain [43]. The role of the 
uncertainty in three-body interactions has been elucidated in Refs. [43, 50]. 
The density region of 2ρ0 has been identified to be most sensitive to the neutron-star radii [48]. 
At this density our calculations (open circles) show strong correlation between the pressure and the 
neutron-star properties such as tidal deformability and radii in Figs. 3(c) and 3(d), respectively. Similar 
correlation is also observed in [51]. The colored horizontal bars in the bottom panels of Fig. 3 
represent the pressure expected at 2ρ0 after adding the symmetry pressure from Eq. (2) (upper green 
bars) or Eq. (3) (lower red bars). The upper bound of P<40 MeV/fm-3 from [8] excludes pressures 
much greater than those which arise from Eq. (2). For pressure consistent with a “stiff” symmetry 
energy, a lower bound in  and R could be provided by HIC results.  On the other hand, a 
measurement consistent with the “soft” EoS (lower red bars), would provide both a lower and upper 
bound on and R values. The uncertainty increases with the softness of the EoS, but it still could be a 
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factor of two to three smaller than the uncertainty of the GW constraint. With additional events, one 
can hope that the GW constraints will improve. The expected improvement in the HIC constraints will 
allow us to understand what these combined constraints imply about the nature of strongly interacting 
matter. 
 
 
Fig. 3: Symmetry energy at 0.67ρ0 (upper panels) and pressure at 2ρ0 (lower panels) vs. neutron-star 
properties, tidal deformability (left panels) and radii (right panels).  Black open circles correspond to 
interactions that agree with the low density data while the magenta circles represent calculations that 
do not. a.) & b.)  Calculated symmetry energy, tidal deformability and radii from the Skyrme 
interactions at 0.67ρ0. The red dashed and solid blue horizontal lines are experimental symmetry 
energy values. c.) &d.)  Calculated pressure, tidal deformability and radii from the Skyrme interactions 
at 2ρ0.  The top (green) and bottom (red) horizontal bars represent the predicted experimental stiff and 
soft constraints, respectively.  
 
In Fig. 1, the stiff and soft contours from flow experiments begin to overlap at high density 
ρ>2.5ρ0, suggesting that the measurements aiming at extracting the symmetry pressure at very high 
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densities could be associated with large uncertainties. The splitting between stiff and soft symmetry 
energy constraints increases with decreasing density. However, below the saturation density, the 
correlation between symmetry energy and neutron-star properties is weak [51]. Our calculations show 
that the correlation improves with density and a reasonably good correlation is achieved around 1.5ρ0. 
Thus the density region between 1.5ρ0 – 2.5ρ0 currently represents a “sweet” spot for experimental 
exploration of the symmetry pressure for asymmetric nuclear matter. Higher density regions should 
also be explored especially if experimental uncertainties in symmetric matter can be reduced by new 
analysis or with better data [37,40].  
In the case of the symmetric matter EoS [37], accurate constraints on the pressure require 
detailed calibration of “barometers” constructed from collective flow and particle production 
observables with the aid of transport model simulations [37,52]. The same algorithm will be required 
to extract pressure arise from symmetry energy. The evaluation of transport models needed to interpret 
the HIC data is currently under way [53, 54].  
In summary, while symmetry energy data extracted at low density do not correlate strongly 
with neutron-star properties, heavy ion collision experiments testing twice the normal nuclear matter 
density may provide tighter constraints on the tidal deformability and thus the corresponding neutron-
star radii. Current experimental plans anticipate constraints on the symmetry pressure that can 
distinguish the stiff and soft symmetry energy terms in the EoS [55, 56]. Our work suggests that it is 
feasible to expect experimental constraints obtained in this density region to be more stringent than the 
current GW analysis. 
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